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The experimental exclusion of particulate organic matter from a forested headwater stream at Coweeta Hydrologic Laboratory, North Carolina, reduced benthic leaf standing crops by 94%. Results from the first 4 y of litter exclusion suggested that all shredder taxa did not respond similarly to detrital resource reduction during the early years of the 8-y study (Wallace et al. 1999 ). Here we report P gentilis production and resource supply for the entire 8-y study, which included an additional year of data following small wood removal and 2 y of data after large wood removal. Another objective of our study was to determine mechanisms responsible for changes in P gentilis production that occurred as a result of litter exclusion. Low survivorship of this species could be the result of a lack of available food resources, higher predation rates, or respiratory stress caused by the absence of leaf litter as a material for case construction for 2nd to 4th instars. In the laboratory, we manipulated levels of leaf standing crop (low, intermediate, and high) and larval case type (field constructed case vs laboratory constructed case) to examine the role of leaf detritus as a food resource and as case-construction material for P gentilis. Specifically, we observed case-building behavior to determine whether young P gentilis larvae could adapt to the lack of leaf material and survive in cases constructed from substrate containing little leaf material. In addition, we measured differences in growth rates and mortality of larvae with normal leaf cases reared with various amounts of leaf litter to see whether differences in food availability could account for the decline in P gentilis production in the field.
Methods

Study sites
Organic matter was excluded from Catchment (C) 55 at Coweeta Hydrologic Laboratory in Macon Co., North Carolina, USA, beginning in August 1993 using 1.2-cm mesh gillnet canopy to exclude direct litter fall and lateral fencing to prevent blow-in from the banks. The canopy began at the top of the catchment and was open along the sides for aerial insect colonization. Small woody debris (<10 cm diameter) was removed by hand from the litter exclusion stream in August 1996. Remaining large wood was re- 
Production and organic matter standing crop
Abundance and biomass of P gentilis for mixed-substrate habitats (substratum consisting of mixed silt, sand, pebble, and cobble) was estimated in each stream using a 400-cm2 corer. Four random samples were collected monthly from September 1992 to August 2000 from each stream. Organisms and organic matter were separated into a >l-mm fraction and <l-mm fraction using nested sieves. Pycnopsyche gentilis from both fractions were sorted from organic matter under 15x magnification and preserved in 7% formalin. Animals in the <l-mm fraction were subsampled if necessary (Waters 1969 ). All individuals were identified, counted, and measured to the nearest mm using a dissecting microscope and graduated stage. Biomass was calculated using length-mass regressions (Benke et al. 1999). Secondary production estimates for P gentilis were calculated using the size-frequency method (Hamilton 1969 growth rates between treatments were compared using Tukey's multiple comparison tests.
Results
Production and leaf standing crop
At the start of the study, P gentilis abundance in mixed substrate was similar between streams (Fig. 1A) . A greater proportion of large instars in the reference stream compared to the litter exclusion stream accounted for higher biomass and production in the reference stream during the pretreatment year (Fig. lB, C) . Production of P gentilis in the litter exclusion stream declined to <1% of the pretreatment level by the end of the 2nd year of litter exclusion, and was reduced to 0 within 3 y (Fig. 1C) . In the reference stream, P gentilis production ranged from 0.32 to 0.98 g m-2 y-1 over the 8-y period. Leaf standing crops in the mixed substrate of the reference stream increased each autumn and declined during spring and summer (Fig. 2) . Five months after the start of litter exclusion, leaf standing crop in the treatment stream declined to <25 g AFDM/ m2 and remained at least that low for the next 7y.
Regression analyses suggested that mean annual leaf standing crop was an important determinant of P gentilis production. C55 data from 1985 and 1986 (Lugthart and Wallace 1992) and 1989 and 1990 (Whiles and Wallace 1995) were included with C55 data collected in our study and strong positive relationships were found between leaf standing crop and mean annual abundance, biomass, and production of P gentilis. The data included leaf standing crops that ranged over 2 orders of magnitude (Fig. 3) . Maximum individual length of P gentilis was dramatically reduced at mean annual leaf standing crops below 25 to 50 g AFDM/m2 (Fig. 4) . Maximum individual length of individuals collected in the reference stream and in the litter exclusion stream before treatment ranged from 16 to 18 mm (Fig. 5A) maximum individual length in the treatment stream declined to 1-3 mm. The difference between streams for mean annual individual length was similar in both streams over the 8-y study (Fig. 5B) .
Case building and survivorship
Pycnopsyche gentilis larvae reared in high leaf substrate followed the typical progression of case-building activity reported by Mackay (1972) and Mackay and Kalff (1973) . First instars constructed cases of fine sand grains before converting to 3-sided leaf disk cases 1 to 2 wk later. Videotapes showed that young P gentilis used mostly flakes of pyrite, which they carefully selected, fit in place, and attached with silk. The selection, fitting, and attachment process required -5 min per particle. Larvae completely rebuilt cases within 4 to 8 h. All 2nd to 4th instars maintained their leaf cases until the 5th instar, when they gradually switched to large sand grain cases. In contrast, all of the larvae reared in substrate lacking leaf litter initially built fine sand grain cases and did not switch to the leaf disk cases. These larvae continued adding larger sand grains to the tops of cylindrical cases, and they used bits of wood and seeds if these materials were present in the substrate.
Survivorship of larvae kept in high leaf standing crops ranged from 84 to 95% during the experiment (Fig. 6) . Only 28 to 32% of 1st instars survived through wk 6 in the intermediate level of leaf substrate (Fig. 6A) . Ninety to 95% of 3rd instars were still alive through the end of wk 4 in the intermediate leaf substrate (Fig. 6B) .
Results from repeated measures ANOVA indicated that survival of 1st instars was greatest for larvae growing at high followed by intermediate and low leaf standing crops regardless of case type (ANOVA, p < 0.001, Tukey test, p < 0.05) ( Table 2, Fig. 6A ). For 3rd instars, the effect of leaf standing crop depended on case type (Table   2, Fig. 6B ). More larvae with rebuilt cases survived at high leaf standing crops relative to larvae with field cases (Tukey test, p = 0.02) (Fig.  6B) . At low leaf standing crops, survivorship over the 4-wk experiment was significantly greater for larvae with field cases than those with rebuilt cases (Tukey test, p = 0.04) (Fig.  6B) . 
Larval growth Discussion
First instars grew to 3rd instars, and 3rd instars grew to 4th instars during the growth experiments. IGRs of 1st instars with field cases in the high leaf treatment were 1.5x greater than in the intermediate leaf treatment (Fig. 7, AN -COVA followed by Tukey test, p < 0.05). For 1st instars forced to rebuild cases, there was a 2.4X difference in growth rates between high and intermediate treatments (Fig. 7 , Tukey test, p < 0.05). Differences in IGR between high and intermediate leaf standing crops for 3rd instar P gentilis were 1.5x for organisms with field cases (Tukey test, p > 0.05) and 1.6x for those with rebuilt cases (Fig. 7, Tukey test, p > 0.05) . Growth rates were significantly lower for 1st and 3rd instars in low leaf standing crops than in intermediate or high leaf standing crops (Fig.  7, Tukey test, p < 0.05) . The laboratory data corroborated results observed from field data. As with the maximum individual length data from the field (Fig. 4) , a decline in laboratory growth rates of P gentilis occurred when leaf standing crop declined to <25 to 50 g AFDM/m2 (Fig.  7) . 
Response to reduced leaf inputs
Response to low leaf standing crop in the laboratory
Mortality as a result of predation was not a factor in our laboratory experiments. Larvae successfully rebuilt cases of inorganic materials in the absence of leaves and survived for up to 3 wk, which indicates that respiratory functions in the atypical cases were not impaired to the point of causing death by respiratory stress. Otto and Svensson (1980) showed that inorganic cases of the caddisfly Potamophylax cingulatus were energetically more expensive to build than leaf-disk cases because leaf-disk cases have fewer pieces to be assembled. A similar energetic cost may have contributed to the higher mortality rates and slower growth rates observed in our study for larvae that were forced to rebuild cases of mineral material instead of the usual leaf material.
First instars suffered higher mortality rates at low resource levels than did 3rd instars. Otto (1974) reported higher fat content (12-14%) in 3rd through 5th instars of P cingulatus than in 1st instars (9%). In addition, fat and energy content of P cingulatus larvae was related to the presence of preferred food resources in the stream (Otto 1974 Growth rates of 1st instars forced to rebuild a case were also lower than those left in their original case. Dudgeon (1987) also found that when Polycentropus flavomaculatus larvae were forced to rebuild nets, they lost more mass than undisturbed larvae. The difference in IGR for field case vs rebuilt case organisms was larger for 1st instars than for 3rd instars, again indicating that older larvae had more internal energy reserves available to them when resources were reduced.
Our experiment did not separate the use of leaf litter as a food resource and case material, but our results showed that growth rates of 1st-and 3rd-instars of P gentilis that were not required to rebuild atypical cases were significantly lower at low leaf standing crops than at the high and intermediate levels. This reduction in growth was most apparent for young instars. In addition, the 95 to 100% mortality for individuals of both age classes that had field-built cases suggests that food was insufficient at the lowest leaf standing crop treatment (litter exclusion stream) for P gentilis to survive.
Linkages between P. gentilis and leaf inputs
Results of our study showed that production, survivorship, and growth of P gentilis were linked to leaf litter standing crop. Pycnopsyche gentilis tracks its primary food resource closely and does not switch to alternate energy sources in these streams. As a result, this species could not complete its life cycle in the stream lacking detrital inputs, thus lowering the overall diversity of the ecosystem. Our field data suggest that at least 25 to 50 g AFDM/m2 of leaf standing crop are required during larval development (October to June) for P gentilis to survive and maintain its functional role in a stream. The energetic needs of other shredder taxa in these streams remain unknown, but additional shredder production will require even higher levels of organic matter standing crops. Because of differences in litter breakdown rates, the presence of fast, medium, and slow decaying leaf species all may be necessary to sustain production of obligate leaf shredders like P gentilis throughout the year (Petersen 
